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1 Introduction 
The proton exchange membrane (PEM) fuel cell has been receiving substantial attention as a 
potential power source for a wide range of applications because of its lower operation 
temperature compared to other types of fuel cell, flexibility in size, quick start, environmental 
friendly characteristics and high energy density. However, further improvements of its 
performance, life-time and cost-effectiveness are still needed to achieve a large-scale 
commercialization and a deeper understanding of local phenomena taking place in the fuel cell is 
of vital importance for future development. 
A mathematical model is a powerful tool for studying the various phenomena occurring in a fuel 
cell from local to system level. An excellent review of fuel cell models is given by Yao et al. [1]. 
The accuracy of the modeled results depends highly on the used modeling parameters and 
assumptions. Therefore, the experimental evaluation of the physical parameters used in the 
models is essential. The properties of gas diffusion layers (GDLs) play an especially important 
role in fuel cell operation [2] and many experimental studies can be found on subjects such as gas 
permeability [3-8], electrical properties [9-14], thermal properties [15-17], water transport 
properties [18-28] and the effect of compression [17,29-32]. In accordance with the experimental 
studies, significant modeling efforts have been devoted to exploring the impact of these 
parameters on the transport mechanisms and fuel cell performance. Examples of the systematic 
parametric study are found on the electric anisotropy of GDL [33-35], the thickness and porosity 
of the GDL [36-39], pore size distribution [40-42], gas permeability [33,43,44], water transport 
parameters [45-49], and the effect of compression [50-53]. 
One of the most common shortcomings in previous modeling studies is that the effect of 
inhomogeneous compression on the GDL induced by the rib/channel structure of the flow field 
plate was not properly considered. A typical carbon paper or cloth GDL is soft and flexible and 
therefore, when the GDL is compressed between two flow field plates it is deformed and intrudes 
in to the channel as shown in Fig. 1. The variations in the GDL thickness and porosity due to 
compression affect the local transport phenomena since gas permeability, electric conductivity, 
and electric and thermal contact resistances at the interfaces with neighboring components all 
depend on compression.  
To the authors’ knowledge, only a few studies which consider this inhomogeneous compression 
can be found in literature, see, e.g. [53-56]. Although their findings are enlightening, many of the 
adopted modeling parameters are subject to a large uncertainty. Therefore, the authors have 
experimentally evaluated the physical properties of GDL as a function of compressed GDL 
thickness [57-59] as well as conducted a modeling study using the experimental data [60]. In this 
paper, the earlier model is improved by applying a more realistic geometry of GDL deformation 
and the inclusion of thin contact resistance layers with newly evaluated physical parameters as 
well as correcting some inaccuracies. However, due to a lack of information, particularly for 
those which describe liquid water behavior, the model excludes two-phase phenomena and the 
study on the subject is left for future work.  
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Fig. 1 Cross-sectional view of the GDL (SGL 10 BA, SIGRACET®) taken by optical microscope 
(PMG3, OLYMPUS). 
 
2 Model description 
2.1 Model assumptions 
Making a theoretically rigorous fuel cell model which reflects micro- and macro-scale transport 
processes is extremely challenging because of a lack of experimentally evaluated physical 
parameters. Therefore, the following assumptions were employed in the model:  
(1) Steady state conditions  
(2) All gases obey the ideal gas law and are ideally mixed  
(3) Water exists only in gaseous form 
(4) Very fast reaction kinetics and small mass transfer limitations at the anode  
(5) The catalyst layers (CLs) and membrane are isotropic and homogeneous  
(6) The membrane is fully hydrated 
(7) Physical properties of GDL under the rib are constant 
Because of assumption (3), the model presented here is valid only when the partial pressure of 
water is below the saturation pressure. Assumption (4) implies that the conservation equations for 
mass, momentum and species at anode GDL and CL are not solved. Assumption (7) was made 
since all the experimental work to evaluate the physical properties of GDL was conducted by 
changing the thickness of the compressed GDL under the assumption that the compression 
pressure applied to the GDL was uniform [57-59].  
 
2.2 Modeling domain 
The modeled domain is a two-dimensional partial cross-section of a unit cell as shown in Fig. 2, 
which consists of a half of both the graphite rib and the channel in the flow field plate, two GDLs 
and CLs, the electrolyte membrane and pseudo two thin layers TH1 and TH2 which represent the 
contact resistance between graphite rib and GDL, and GDL and CL, respectively.  
The effects of inhomogeneous compression are studied by comparing two models. In the base 
case, Fig. 2(a), the GDL is compressed evenly and its physical properties are assumed constant. 
The alternative model, Fig. 2(b), considers the inhomogeneous compression of GDL and the GDL 
partially intrudes into the flow channel. The shape of the deformed GDL and the dependence of 
physical properties on the local thickness are described in sub-chapter 2.4. 
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Fig.2 Modeled domain (a) base case, (b) inhomogeneous compression. 
2.3 Equations 
2.3.1 Governing equations and source terms 
The transport phenomena occurring within the cell are modeled with conservation equations for 
mass, momentum, species, charge and energy. All the governing equations are listed in Table 1. 
Table 1 also includes the subdomains where the equations are solved. 
The Navier-Stokes equation that describes momentum conservation was reduced to Darcy’s law 
since the Reynolds number is less than one and thus the inertia and viscous terms can be 
neglected in the GDL and CL. Darcy’s law was combined with the mass conservation equation 
which gives Eq. (1) in Table 1. The species conservation equation Eq. (2) is the Maxwell-Stefan 
diffusion equation and takes into account the convective and diffusive molar fluxes. Since air is 
fed to the cathode, the multicomponent mass transfer involves a ternary gas mixture (oxygen, 
water vapor and nitrogen). The charge conservations Eqs. (3 and 4) describe electric current in 
electrically conductive components and ionic current in ionic conductive components. The energy 
conservation Eq. (5) takes into account both conductive and convective heat fluxes. Note that on 
the anode only the charge and energy conservation equations were solved.  
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Table 1 Governing equations 
 Conservation equation  Subdomains 
Mass c
t
sd
t Sp
k
=




 ∇−⋅∇
µ
ρ  (1) cathode (GDL, TH2, CL) 
Species ( ) ( ) iiefftiti SXDcXc =∇⋅∇−⋅∇=⋅∇ vN  (2) cathode (GDL, TH2, CL) 
Charge (electric) ( ) sssds S=∇−⋅∇ φσ ,  (3) rib, TH1, GDL, TH2, CL 
             (ionic) ( ) mmsdm S=∇−⋅∇ φσ ,  (4) CL, membrane 
Energy ( ) Tsd
i
ipi STTC =∇⋅∇−





⋅∇ ∑ κρ v,  (5) all 
 
The source terms for the governing equations are listed in Table 2. The source terms of the mass 
and species conservation equation represent the consumption of oxygen and production of water 
in the cathode CL. The number of electrons involved in the reaction (4 for oxygen consumption, 2 
for water production) appears in these equations. The source terms in the charge conservation 
equation describe the charge transfer current density between the electric and ionic phases inside 
the anode and cathode CLs. The transfer current densities are expressed with the Butler-Volmer 
relation as follows: 
( )





 +
−= a
a
c
a
aref
ava RT
Fjaj ηαα   for anode     (6) 






−








= c
c
c
ref
O
OTref
cvc RT
F
c
cjaj ηαexp
2
2,    for cathode     (7) 
Anode side has fast reaction kinetics and low overpotential compared to the cathode, and thus 
anode transfer current density can be linearized as in Eq. (6). The reference concentration refOc 2  is 
equal to the concentration of oxygen in air at STP conditions and
2Oc  is the concentration of 
oxygen in the CL. In the model, the ratio of 
2O
c  to refOc 2 in Eq. (7), was replaced by the molar 
fraction of oxygen, 
2O
X . ηa and ηc are the overpotentials at anode and cathode, respectively: 
asma ,φφη −=           (8) 
0, Emcsc −−= φφη          (9) 
where E0 is the open circuit voltage.  
The source terms in the energy conservation equation correspond to Joule heating, irreversible 
heat of electrochemical reactions and entropic heat of reactions in CLs but only Joule heating in 
other subdomains.  
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Table 2 Source terms in each modeling subdomain. 
Region Mass Species Charge Energy 
GDL 0 0 0 ( )2sGDLTS φσ ∇=  
CL     
(Anode) 0 0 
aam
aas
jS
jS
=
−=
,
,
 ( ) ( )
F
STjjS aaaamCLmsCLsT 2
22 ∆++∇+∇= ηφσφσ  
(Cathode) 
F
Mj
F
Mj
S OHcOcc 24
22 +−=  
F
jS
F
jS
c
OH
c
O
2
4
2
2
=
−=
 
ccm
ccs
jS
jS
−=
=
,
,
 ( ) ( )
F
STjjS ccccmCLmsCLsT 4
22 ∆
−−∇+∇= ηφσφσ  
TH1, TH2 0 0 0 ( )2
, ssdsTS φσ ∇=  
Membrane 0 0 0 ( )2mmTS φσ ∇=  
 
The constitutive relations used for the governing equations are listed in Table 3. The molar 
density can be calculated from ideal gas law as in Eq. (10). The molar fraction of nitrogen is 
calculated from the fact that the sum of molar fractions is equal to unity Eq. (11). The effective 
Maxwell-Stefan diffusion coefficient tensor,
effD , is related to the non-porous diffusion coefficient, 
D , through the Bruggeman correlation as in Eq. (12). The elements of the D  for a ternary system 
are calculated from the Maxwell-Stefan binary diffusion coefficients as in Eq. (13). The 
temperature and pressure dependence of the binary diffusion coefficients was taken into account 
with Eq. (14). Also, the temperature dependence of exchange current density was taken into 
account with Eq. (15). 
 
Table 3Constitutive relations. 
Expression   
Ideal gas law 
T
pM
cM tttt ℜ
==ρ  (10) 
Molar mass of gas mixture i
i
it MXM ∑=  (11) 
Effective diffusion coefficient tensor DD sdeff 5.1ε=  (12) 
Elements of D  
OHONNOOHNOHO
OHOOHNOOH
NOH
OHONOH
NOOH
OHONO
NOHO
OHOONOHO
NO
DXDXDXS
S
DXDX
DD
S
DD
DXD
S
DD
DXD
S
DXDX
DD
222222222
222222
22
2222
222
2222
222
222222
22
,,,
,,
,22
,,
,21
,,
,12
,,
,11
)1(
)1(
++=
−+
=
−
=
−
=
−+
=
 (13) 
Temperature and pressure dependence of 
binary diffusion coefficients ),( 00,
5.1
0
0
,
TpD
T
T
p
pD jiji 





=
 (14) 
Temperature dependence of exchange 
current density 










−
ℜ
∆
−=
0
,,
11
exp0
TT
Ejj excTrefcTrefc  (15) 
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2.3.2 Boundary conditions 
Symmetry boundary conditions were applied at x = 0 and x = x1 in Fig. 2, i.e. all the fluxes were 
set to zero. No electric current passes through the interface between the GDL/channel and 
CL/membrane. It was assumed that there is no ionic contact resistance at the CL/membrane 
interface, and thus the ionic potential and temperature are continuous. On the other hand, ionic 
current does not pass through the GDL/CL interface since the GDL is not ionically conductive. 
The concentrations and pressure are continuous through GDL, TH2 and CL, and no boundary 
conditions are required at the interfaces. However, there is no mass flux across the rib/GDL and 
CL/membrane interfaces.  
At the cathode gas channel/GDL interface, the pressure was set equal to ambient pressure. The 
molar fractions of the species at the channel/GDL interface were calculated based on the 
following assumptions  
(1) The modeled cross-section is in the middle of cell and produced current is constant along the 
channel. 
(2) The stoichiometry of air is 2  
(3) The air temperature is 325 K and the relative humidity or the air is 40%.  
(4) There is no water transport through the membrane 
Thus the molar fractions of oxygen and water vapor were fixed to 0.143 and 0.149, respectively.  
Furthermore, heat transfer from the GDL to air in the channel is calculated via: 
( )airGDLh TT −=⋅− κQn         (16) 
where Q denotes the heat flux calculated from Eq. (5), κh the heat transfer coefficient, TGDL the 
temperature of GDL and Tair the temperature of air. The temperature of the graphite ribs at y = 0 
and y = y1 was set to 330 K. 
The electric and thermal contact resistances at graphite rib/GDL and GDL/CL interfaces were 
converted to corresponding electric and thermal conductivities of TH1 and TH2. Therefore, the 
electric potential and temperature through graphite rib, GDL and CL are continuous through the 
TH1 and TH2 and no boundary conditions have to be prescribed. 
 
2.4 Model input parameters 
Table 4 lists the cell design parameters and material, kinetic and electrochemical parameters. 
When the GDL deformation is taken into account (see Fig. 2b), the properties of GDL are varied 
as a function of the thickness. These changes are described in the following sub-chapters. 
 
2.4.1 GDL deformation 
The deformation curve of GDL observed in the photomicrographs taken with an optical 
microscope (Fig. 1) was fitted with a third order polynomial (fitting accuracy: R2 = 0.947) and its 
dimensionless thickness can be expressed as: 




×>×+−×+×−
×≤
=
−−−−−
−−
m10500,10894.3m070.110m105.210m047.1
m10500,m)(
641322633
61
xxxx
xh
xh c  (17) 
for the case where the compressed GDL thickness, hc, is 250 µm. The same process was used to 
obtain expressions for the thickness of the GDL when the hc was varied from 150 to 300 µm. 
 
 12 
2.4.2 Gas permeability and porosity 
The reduction of the GDL thickness was assumed to be caused by the reduction of GDL porosity. 
Therefore, the porosity of the compressed GDL, εc, is calculated from the equation, see, e.g [5] 
( ) )(11)(
)( 0
0
xh
h
xh
hxh s
c εε −−=
−
=
        (18) 
where ε0 denotes the porosity of uncompressed GDL and h0 the thickness of uncompressed GDL. 
hs is the thickness of the GDL when all the pores are lost:  
 
00 )1( hhs ε−=           (19) 
 The reduction of GDL porosity leads into a decrease in gas permeability. The gas permeability of 
the compressed GDL, k(x), was evaluated [57] and the fitted curve (fitting accuracy: R2 = 0.997) 
can be expressed as 
128253 10164.7)(10305.5)(10464.6)(806.0)( −−− ×+×−×−= xhxhxhxk  [m2]   (20) 
The porosity of CL, εCL, adopted by Bernardi et al. [61] and permeability of CL, kCL, reported by 
Himanen et al. [62] were assumed to be not affected by compression. 
 
2.4.3 Electric properties  
The electric conductivity of the GDL as a function of compressed GDL thickness was evaluated 
in a previous study [57]. The conductivity was found to be anisotropic and fitted with a linear 
curve (fitting accuracy: R2 = 0.964 for in-plane and R2 = 0.975 for through-plane): 
37
xGDL, 106.896 + )(101.159 ××−= xhσ  [S m-1] for in-plane conductivity  (21) 
36
yGDL, 103.285 + )(108.385 ××−= xhσ  [S m-1] for through-plane conductivity  (22) 
The electric contact resistances between the GDL and other cell components depend strongly on 
the compression pressure. The electric contact resistance between GDL and graphite current 
collector, Rc,GDL/GR(hc) was found to decrease exponentially as GDL was compressed [57]. The 
Rc,GDL/GR(hc) was converted into through-plane electric conductivity of TH1, σTH1,y(x). The 
σTH1,y(x) was calculated as a function of compressed GDL thickness, and exponential curve was 
fitted into the data (fitting accuracy: R2 = 0.983), yielding: 
[ ]cyTH hx 44,1 10056.2exp10714.1)( ×−×=σ  [S m-1]      (23) 
The electric contact resistance between the GDL and CL, Rc,GDL/CL(hc), was also evaluated 
experimentally by the authors [59]. The Rc,GDL/CL(hc) was converted to the through-plane electric 
conductivity of TH2, σTH2,y(x), which was fitted with a third degree polynomial (fitting accuracy: 
R2 = 0.996), giving 
911.18)(10664.2)(10943.4)(10726.7)( 428311
,2 +×+×−×= xhxhxhxyTHσ  [S m-1]   (24) 
Accurate experimental evaluation of the Rc,GDL/CL(hc) was found difficult as the compression 
pressure decreased. Therefore, in ref. [59], the lowest compression pressure at which the 
Rc,GDL/CL(hc) could be evaluated was 0.664 MPa. This corresponds to a GDL thickness of 
approximately 300 µm, above which the accuracy of Eq. (24) diminishes. However, the trend is 
clear – the lower the compression, the higher the contact resistance. 
It should be noted that the values used for the in-plane electric conductivity of TH1 and TH2, 
σTH1,x and σTH2,x, were set equal to the in-plane electric conductivity of GDL and CL, respectively. 
These values were adopted because the lateral current flow in the TH1 and TH2 can be expected 
to follow to that in the neighboring more conductive components, the GDL and CL. On the other 
hand, the conductivity of CL evaluated previously [57] was assumed to be isotropic since no 
reliable experimental data on its anisotropy was found.  
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2.4.4 Thermal properties 
Compared to electric properties, relatively little experimental data on the thermal properties of 
GDL have been reported in the literature. According to the authors’ previous study [58], the 
through-plane thermal conductivity of GDL, κGDL, was not affected by the compression pressure 
and a constant value was used in this model. The in-plane thermal conductivity of GDL was 
assumed to be the same as the through-plane thermal conductivity.  
The evaluated thermal contact resistance between the graphite current collector and GDL [58] 
was converted to the through-plane thermal conductivity of TH1, κTH1,y(x). The calculated 
κTH1,y(x) as a function of compressed GDL thickness was fitted with a fourth degree polynomial 
(fitting accuracy: R2 = 0.993), giving 
438.0)(10639.1)(10170.1)(10133.3)(10912.2)( 428311414
,1 −×+×−×+×−= xhxhxhxhxyTHκ  [W m-1 K-1] (25) 
The thermal contact resistance between the GDL and CL was assumed to be same as the thermal 
contact resistance between graphite and GDL. Therefore, Eq. (25) was used also for the through-
plane thermal conductivity of TH2, κTH2,y(x). The in-plane thermal conductivities of TH1 and 
TH2, κTH1,x and κTH2,x, were set equal to the in-plane thermal conductivity of GDL and CL, 
respectively, based on the same assumption of charge transport at the interface.  
The thermal conductivity of CL was calculated from the data reported by Khandelwal et al. [15]. 
In their study, the combined thermal resistance, i.e. thermal bulk resistance of the CL plus thermal 
contact resistance between GDL and CL, was determined to be 1.25 ×104 m2 K W-1 at a 
compression pressure of 1.83 MPa (compressed GDL thickness of ca. 250 µm [58]). By 
subtracting the thermal contact resistance between GDL and CL, which can be calculated from Eq. 
(25), from the combined thermal resistance, the thermal bulk resistance of CL was determined. 
The thermal conductivity of CL, κCL, calculated using the measured thermal bulk resistance of CL 
was assumed to be isotropic and independent of compression.  
 
Table 4 Cell design parameters and material properties. 
Symbol Description Value 
Geometrical parameters 
w Channel and rib width 500 µm 
hc Compressed GDL thickness under rib 150–300  µm 
h0 
Uncompressed GDL thickness 
CL thickness 
Membrane thickness 
TH1, TH2 thickness 
380 µm 
25 µm 
50 µm 
10 µm 
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Table 4 Continued… 
Symbol Description Value 
Material parameters 
),( 00, 22 TpD OHO  diffusion coefficient O2,H2O 3.98 × 10-5 m2 s-1 [60] 
),( 00, 22 TpD NO  Binary diffusion coefficient O2,N2 2.95 × 10-5 m2 s-1 [60] 
),( 00, 22 TpD NOH  Binary diffusion coefficient H2O,N2 4.16 × 10-5 m2 s-1 [60] 
CL
sσ  CL electric conductivity 320 S m-1 [57] 
CL
mσ  CL ionic conductivity 5.09 S m-1 
κCL CL thermal conductivity 0.476 W m-1 K-1 [15] 
κGDL GDL thermal conductivity 1.18 [58] 
σGR Graphite plate electric conductivity 69700 S m-1 [63] 
κGR Graphite plate thermal conductivity 128 W m-1 K-1 [63] 
σm Membrane ionic conductivity 5.09 S m-1 [64] 
κm Membrane thermal conductivity 0.12 W m-1 K-1 [15] 
κh Heat transfer coefficient from GDL to air 5 W m-2 K-1 
kCL Permeability of CL 1.26 × 10-13 m2 [62] 
ε0 Porosity of uncompressed GDL 0.83 [65] 
εCL Porosity of CL 0.4 [61] 
Kinetic and electrochemical and other parameters 
∆Eexc Activation energy (Ecell ≥ 0.8V) 76.5 kJ mol-1 [66] 
    (Ecell < 0.8V) 27.7 kJ mol-1 [66] 
p0 Ambient pressure 101 325 Pa 
a
c
a
a αα +  
Anodic and cathodic transfer coefficients in Eq. 
(33) 1 [34] 
c
cα  Cathodic transfer coefficient in Eq. (34) 1 [34] 
∆Sa Entropy change of anode 0.104 J mol-1 K-1 
∆Sc Entropy change of cathode -326.36 J mol-1 K-1 
ref
av ja
 
Exchange current density × ratio of reaction surface 
to CL volume, anode 1.7 × 10
9
 A m-3 [60] 
0,Tref
cv ja  
Exchange current density × ratio of reaction surface 
to CL volume, cathode 
2 × 104 A m-3 [60] 
2,OpC  Heat capacity of oxygen 923 J kg-1 K-1 
OHpC 2,
 
Heat capacity of water vapor 1996 J kg-1 K-1 
E0 Open circuit voltage 1.23 V 
T0 Reference temperature 273 K 
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3 Results and discussion 
3.1 Polarization behavior and species distribution 
In the following discussion of modeling results, the compressed GDL thickness under the rib is 
250 µm for the both cases, i.e. base case and case considering inhomogeneous compression, 
unless stated otherwise.  
The polarization curves for the two modeled cases, presented in Fig. 3, were obtained by 
changing the cell voltage from 1 to 0.45 V. The curves are almost identical for both the cases 
except at lower voltages. Since two-phase flow is not taken into account here, the model is valid 
only when partial pressure of water, OHp 2 , does not exceed the saturation pressure, satp . The 
lowest limit for voltage was determined by calculating the relative humidity under the rib where 
flooding usually starts, see e.g. [67]. Fig. 4 shows the relative humidity of gas (
satOH pp /2 ) at the 
GDL/CL interface at cell voltages of 0.45 and 0.5 V. In both modeled cases, water starts to 
condense when the cell voltage is below 0.5 V. In the following, therefore, the cell voltage is 
fixed to 0.5 V.  
Fig. 5 shows the molar fraction of oxygen at the GDL/CL interface for both the modeled cases. 
Only slight difference in molar fraction of oxygen is observed between the two cases as discussed 
in previous work [60], which suggests that the mass transfer is not significantly affected by GDL 
deformation as long as no flooding occurs.  
 
 
Fig. 3 Polarization curves for the base case and case considering the inhomogeneous compression. 
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Fig. 4 Relative humidity (pH2O/psat) at the GDL/CL interface at the cell voltage of 0.45 (thin line) and 
0.5 V (bold line) for the base case and case considering the inhomogeneous compression. 
 
 
Fig. 5 Oxygen molar fraction at the GDL/CL interface at cell voltage of 0.5 V. 
3.2 Current density distribution 
Fig. 6 shows the current density distribution at the GDL/CL interface. For the base case, the 
current density distribution is fairly uniform over the active area. However, a notably uneven 
distribution is seen when inhomogeneous compression is taken into account. In this case the local 
current density is significantly lower in the middle of the channel and increases in the region 
close to the edge of the rib. This is because of changes in the selective current path, which is 
largely determined by the electric contact resistance between the GDL and CL, i.e. σTH2,y(x) in Eq. 
(24), and electric conductivities of GDL in Eqs. (21 and 22). A large portion of the produced 
current flows laterally under the channel where the contact resistance is high and crosses over to 
the GDL near the rib edge (see Fig. 7). 
The shape of the current density distribution is different from that observed in the previous study 
[60]. The difference mainly arises from the estimates used for the contact resistance between the 
GDL and CL, and the shape of the deformed GDL, which both differed significantly from the 
experimentally evaluated values used here. As a result, the current density was overestimated at 
the edge of the rib and under the channel in the previous study.  
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Fig. 6 Current density distribution at the GDL/CL interface at cell voltage of 0.5 V. 
 
 
Fig. 7 Current density profile at TH2/CL interface (arrow plot) and at cathode GDL (streamline plot). 
Note that the magnitudes of arrow and streamline plots are not in scale. 
 
3.3 Temperature profile 
Fig. 8 shows the temperature profile at the GDL/CL interface. It is interesting to note that when 
inhomogeneous compression is taken into account the temperature profile is more uniform than 
that of the base case. A possible reason for this is that the current density under the channel is 
substantially smaller when inhomogeneous compression is taken into account than in the base 
case (see Fig. 6). All the terms of the heat source equation include current density, and thus the 
current density distribution directly affects the temperature profile. Among the heat sources, the 
irreversible heat of electrochemical reactions accounts for a major part of heat production. 
The temperature difference across the active area for the case considering inhomogeneous 
compression, less than 1 ˚C, is much smaller than the value, more than 10 ˚C, predicted in a 
previous study [68]. There, the values for the thermal contact and thermal bulk resistances were 
overestimated and the values of electric contact resistance between GDL and CL were 
underestimated, leading into larger temperature differences across the components.  
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Fig. 8 Temperature distribution at the GDL/CL interface at cell voltage of 0.5 V. 
 
3.4 Effect of the compressed GDL thickness 
Applying the simulation technique described above, the effects of compressed GDL thickness on 
charge and heat transport were investigated. The thickness of the compressed GDL under the rib 
was varied from 300 to 150 µm, and a corresponding expression for the shape of the GDL 
intruding into the channel was used. The physical properties of the GDL were changed 
correspondingly. 
Fig. 9(a) shows the current density distribution at the GDL/CL interface for various compressed 
GDL thicknesses under the rib. The total current integrated over the active area increases as the 
GDL is compressed more, since both the electric contact and bulk resistances of GDL are reduced. 
For example, the case in which the GDL is compressed to 150 µm produces ca. 25% more current 
than the case of 300 µm at the same cell voltage of 0.5 V. The shape of the current density 
distribution also changes when the compressed GDL thickness is changed. A current density peak 
is observed at the edge of the rib when the GDL is compressed to 300 µm. On the other hand, 
when the GDL under the rib is compressed to 150 µm the current density has a maximum at 
around x = 0.61 mm. In this case, the contact resistance between GDL and CL is small enough 
even under the channel so that lateral current flows in the CL change the direction and enter into 
the GDL. The shape of current density distribution is largely determined by the profile of the 
deformed GDL, on which the contact resistance between the GDL and CL depends.  
Fig. 9(b) shows the temperature profile at the GDL/CL interface for various compressed GDL 
thicknesses under the rib. As predicted in the previous study [58], the temperature under the rib 
increases with decreasing compression because of an increase in both thermal bulk and contact 
resistance. However, the temperature profile becomes more uniform over the active area when the 
GDL under the rib is less compressed. This is due to the lower heat production under the channel 
in such a case. Since the value of oxygen molar fraction depends on the porosity of GDL, i.e. the 
shape of GDL, lower compression of GDL leads into relatively higher value of oxygen molar 
fraction compared to the case of higher compression, which in turn results in a lower value of 
overpotential in CL. Even though the differences in their values are fairly small (ca. less than 2% 
for both oxygen molar fraction and overpotential), changes in heat production are notable. For 
example, the irreversible heat of electrochemical reactions when the compressed GDL thickness 
is 200 µm is ca. 23% higher than that for the case of 300 µm on an average over the active area. 
The minor irregularities in the shape of the current density distribution under the channel (Fig. 
9(a)), such as variation in the value of current density in the middle of the channel and crossing of 
the current density curves for the GDLs compressed to 150 and 200 µm at around x = 0.81 mm, 
stems from the difficulty of determining the profile of the GDL intrusion into the channel h(x), i.e. 
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the equivalent of Eq. (17) for each compressed GDL thickness under the rib. Due to the structure 
of the GDL, the profile of the deformed part and the uncompressed GDL thickness under the 
channel varied from sample to sample in the photomicrographs taken at the same compressed 
thickness under the rib. Therefore, the expressions for h(x) are unique for each sample and 
compressed thickness, which is in turn reflected in the current density profiles. 
 
 
Fig. 9(a) Current density distribution and (b) temperature profile at the GDL/CL interface at cell 
voltage of 0.5 V with various compressed GDL thickness (150–300 µm) under the rib. 
 
4 Summary and conclusion 
A two-dimensional model was developed to study the effect of inhomogeneous compression of 
GDL on the local transport phenomena in PEM fuel cell. The results were compared to those 
given by a base case model in which the GDL compression was assumed to be homogeneous. 
The polarization behavior and gas-phase mass transport predicted by the two models were almost 
identical, but the current density profiles were noticeably different. The model which considered 
the inhomogeneous compression showed that the local current density under the channel was 
substantially smaller than under the rib and had a maximum at the edge of the rib, while the 
current density for the base case was fairly uniform over the active area. This high variation in 
local current density may significantly accelerate membrane deterioration and affect the cell 
durability.  
The model predicted a fairly uniform temperature profile over the active area, with a maximum 
variation of ca. 1 °C. This contradicts the results of a previous study [68], where a larger 
temperature variation, up to 10 °C, was predicted within the cell under similar conditions. This 
difference stems from the adopted modeling parameters such as contact resistance and 
conductivity, and the geometry of the deformed GDL. Especially the local current density 
distribution, which significantly affects the temperature profile, was found to be very sensitive to 
the value and variation of contact resistance between GDL and CL. Therefore, the right choice of 
modeling parameters is essential for accurate prediction of local phenomena which can not be 
easily interpreted by the modeled polarization curves only, as discussed in literature [69-71]. 
The compressed GDL thickness under the rib affects the current density distribution and 
temperature profile. Although the total current over the active area increased as GDL was 
compressed more, the unevenness of the temperature profiles became more prominent. Further 
effort should be made to mitigate the detrimental effects of inhomogeneous compression of GDL, 
e.g. by developing rigid GDLs or rigid micro porous layers onto the GDL which do not deform 
under compression, or implementing pre-treatment which curbs or compensates for the 
deformation of the GDL.  
A limitation of the model presented here is that phase change of water and liquid water transport 
are not considered. When the cell is flooded by the condensed water, gas transport is significantly 
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hindered, which in turn affects the current production and temperature distribution. A further 
study using proper water transport parameters is left for the future.  
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Nomenclature 
av ratio of reaction surface to CL volume (m-1) 
c concentration (mol m-3) 
Cp heat capacity (J kg-1 K-1) 
D diffusion coefficient (m2 s-1) 
F Faraday’s constant, 96487 (As mol-1) 
h thickness (m) 
j transfer current density (A m-3) 
j ref exchange current density (A m-2) 
k permeability (m2) 
M molar mass (kg mol-1) 
n  unit vector 
N  molar flux (mol m-2s-1) 
p pressure (Pa) 
Q heat flux (W m-2) 
R gas constant, 8.314 (J mol-1K-1) 
S source term 
T temperature (K) 
v  velocity (m s-1) 
X molar fraction  
 
Greek letters 
α transfer coefficient 
ε porosity 
η overpotential (V) 
κ thermal conductivity (W m-1K-1) 
µ  viscosity of air, 1.9 × 10-5 (kg m-1 s-1) 
ρ density (kg m-3) 
σ electric conductivity (Ω-1m-1) 
φ potential (V) 
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Subscripts 
a anode 
c cathode 
CL catalyst layer 
GDL gas diffusion layer 
GR graphite 
H2O water 
i species of gas 
m ionic phase 
N2 nitrogen 
O2 oxygen 
s electric phase 
sat saturation 
sd subdomain  
t mixture of gas 
TH1 thin layer 1 
TH2 thin layer 2 
x x-direction, in-plane 
y y-direction, through-plane 
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